Some RNA and protein sequences are capable of directing changes to the course of translation from that expected from the mRNA sequence, and this process is termed translational 'recoding'. 'CHYSEL' peptides are ∼19-amino-acid sequences found in many viral genomes. When translated at internal portions of polypeptides, they yield co-translational separation of the nascent chain at their C-termini. We dissected the reaction promoted by CHYSEL sequences using yeast genetics and in vitro translation systems. Our results indicate that the reaction occurs within the peptidyltransferase centre of the ribosome where the nascent chain is hydrolytically released from tRNA despite the presence of further sense codons.
Non-canonical translation mechanisms
Viruses employ a variety of post-transcriptional strategies to drive and regulate synthesis of the proteins encoded within their genomes. Indeed, in the case of RNA viruses, regulation of protein production can only be achieved at the translational level. These viruses have proved to be important systems for discovery and characterization of non-canonical translational events. Thus, for example, RNA viruses use IRESs (internal ribosome entry sites) to initiate translation as an alternative to the classical cap-depending scanning mode, and frequently employ programmed frameshifting, stop codon readthrough and coupled termination-re-initiation to provide synthesis of certain protein products. A number of these mechanisms are termed 'recoding' events as they alter the outcome of translation over what one would expect from initial inspection of RNA sequence. Importantly, however, whatever seemingly exotic mechanisms viruses use to direct the synthesis of their proteins, they can only use the existing capabilities of host ribosomes. Many of the recoding events characterized in viruses have counterparts in mRNAs transcribed from cellular genes [1] . Therefore exploring non-canonical events in viral translation leads to elucidation of aspects of eukaryotic translation. 
CHYSEL (cis-acting hydrolase element) peptides
Recoding elements are, in general, RNA sequences, and frequently include highly structured regions that interact with the ribosome to alter its progression. However, nascent peptides can also interact with the ribosome and influence the progression of translation. In a small number of cases, such peptides direct translational recoding. One such element is termed a 'CHYSEL'. CHYSELs comprise a class of ∼ 20-30-amino-acid peptides that direct co-translational separation of the nascent chain into two independent moieties (for recent reviews, see [2, 3] ). CHYSEL sequences are two-part peptides -a non-conserved sequence of amino acids with strong α-helical propensity followed by a conserved motif D(V/I)EXNPGP. The separation of the nascent chain is at the C-terminal end of the conserved motif.
When transposed into new contexts, CHYSEL elements are still active, i.e. they are autonomous elements [3, 4] . The only known limitation on the activity of CHYSEL sequences is that while they function both in vitro and in vivo when translated by eukaryotic ribosomes, they are apparently inactive when translated by prokaryotic ribosomes ( [5] ; P. de Felipe and M.D. Ryan, unpublished work). Further, attempts to select variants of a CHYSEL sequence that are active in Escherichia coli have so far proved to be unsuccessful. Thus there may be (a) specific facet(s) of the eukaryotic cell that these peptides interact with to drive the separation of the nascent chain. The unique ability of CHYSEL sequences to act independently of any proteolytic activity expressed in the 'host' cell has led to their extensive use as tools in applications where simultaneous production of several proteins from one ORF (open reading frame) is required or advantageous [3] .
The first CHYSEL sequence to be identified and studied in detail was the 2A peptide of the aphthovirus FMDV (footand-mouth disease virus) [4, 6, 7] . Indeed, members of this class of recoding element are frequently referred to as 2A or 2A-like peptides. The FMDV 2A peptide is encoded between sequences that specify capsid and replicative functions of the virus and is a key primary 'cleavage' site in the processing of the FMDV polyprotein. In addition to aphthoviruses, active CHYSEL peptides are encoded within the genomes of other picornaviruses (cardioviruses) as well as a number of other single-and double-stranded RNA viruses [2, 5, [8] [9] [10] [11] [12] [13] . The only non-viral sequences so far shown to have CHYSEL activity occur in repeated sequences within the genomes of trypanosomes [14] . Recent work on the occurrence and evolutionary origins of viral CHYSEL sequences suggests that these sequences appeared independently in the evolution of different viruses [2] .
The CHYSEL reaction and its relationship to other nascent peptide-ribosome interactions
Despite their frequent use as tools, relatively little is known about the mechanism of the reaction that CHYSEL peptides drive. Several lines of evidence support the hypothesis that it takes place within the ribosome at the peptidyltransferase centre. First, translation through a CHYSEL coding sequence may lead to a proportion of full-length ORF product being produced. This does not subsequently separate into upstream and downstream reaction products [4] . Secondly, when the FMDV 2A peptide was placed within a protein containing an endoplasmic reticulum-targeting signal sequence, the efficiency of the reaction was unaffected [15] . In this situation, the ribosome is engaged on the translocation machinery at the endoplasmic reticulum membrane as the protein is co-translationally inserted into the organelle. The nascent peptide is thus shielded from cytosolic factors that might process the protein post-translationally. Moreover, the separated downstream protein is found in the cytoplasm, indicating that the separation of the nascent chain occurs prior to initiation of translocation of the downstream protein. Thirdly, in vitro translation frequently leads to a molar excess in the synthesis of the upstream portion of a protein containing a CHYSEL sequence over the downstream one, indicating that some ribosomes fail to progress beyond the CHYSEL and may 'drop-off' the mRNA [7] . Fourthly, translation of an ORF containing a CHYSEL sequence in the presence of a low concentration of puromycin, a drug that competes with tRNA for the ribosomal A site and terminates protein synthesis, produces a distinct product with size corresponding to the upstream protein [7] . This suggests that ribosomes pause on the mRNA at the site at which the nascent protein is separated and in a conformation compatible with the entry of puromycin into the A site to terminate translation.
In order to understand the CHYSEL reaction, it is necessary to know the end-points of the upstream and downstream products of the reaction. In a number of studies, it has been shown that the downstream protein starts with the final proline residue of the CHYSEL peptide [11, 13, [16] [17] [18] . A recent study revealed that the C-terminus of the upstream protein generated from a CHYSEL sequence in Perina nuda picorna-like virus is glycine [10] . We have characterized the upstream product derived from an FMDV 2A-containing polyprotein and have shown that this also ends in the penultimate glycine of the CHYSEL sequence [19] .
The above data suggest that the reaction driven by CHYSEL peptides may be a peptide bond 'skipping' during translational elongation. A model for this is shown in Figure 1 . In this model, ribosomes translating sequences encoding a CHYSEL peptide incorporate the penultimate glycine of the peptide into the nascent chain. After ribosomal translocation, the final proline codon of the sequence is then in the A site. However, cognate prolyl-tRNA Pro is unable to generate a new peptide bond to the glycine and instead (step 1) the nascent chain is released from the P site tRNA Gly . In step 2, prolyl-tRNA Pro is now able to bind productively to the A site. The ribosome then translocates along the mRNA to position this in the P site, without the prior formation of a peptide bond (step 3).
There are several highly unusual steps to the above model, and it is suggested that these are all driven by interactions of the CHYSEL peptide with the ribosomal nascent chain exit tunnel and peptidyltransferase centre [6, 7] . There is precedent for translocation of charged tRNA from the A site to the P site. For example, translation initiation driven by the cricket paralysis virus intergenic region IRES occurs via binding of alanyl-tRNA Ala to the A site before its translocation to the P site to become the first amino acid in the nascent chain [20, 21] . However, a key question is: apart from the ribosome itself, what cellular factors may be involved in these events?
As a start point for investigating interactions and factors that may lead to separation of the nascent chain at a CHYSEL sequence, we considered what was known about other peptides that are able to influence translation. Synthesis of a number of proteins is regulated by short upstream ORFs within the mRNAs that encode them. Examples include the AAP (arginine attenuator peptide) of fungal carbamoyl phosphate synthase A small subunit mRNAs, and the 22-codon peptide encoded by the uORF2 (upstream ORF2) of the human CMV (cytomegalovirus) UL4 gene. Both these peptides have the unusual property of pausing ribosomes at their stop codon: in the case of the AAP, in response to high arginine levels [22] . Translation of the UL4 uORF2 leads to accumulation of a ribosome nascent chain complex containing uORF2 peptidyl-tRNA Pro and the catalytic subunit of the translation terminating release factor, eRF (eukaryotic release factor) 1, but not its accessory GTPase eRF3. The hydrolytic release of the peptide by the release factor is inhibited due to interactions between the eRF1 and the uORF2 peptide [23] . A further example of a regulatory sequence is found within the SecM protein of E. coli. This peptide ends with the sequence GIRAGP (Gly-Ile-Arg-Ala-Gly-Pro) and has, as with the AAP and UL4 uORF2 peptides, been shown to pause ribosomes [24] . In this case, the paused species is The reaction is depicted in three steps, see the text for detail. After hydrolytic release of the nascent chain in step 1, the CHYSEL peptide is envisaged to remain engaged with the exit tunnel and to promote/facilitate the restart to translation leading to the synthesis of the downstream product. Note that E-site tRNAs are not indicated.
Figure 2 Time course of translation
In vitro translations were carried out in yeast lysates as described in [27] , and aliquots were taken at the times indicated and added directly to SDS/PAGE loading buffer before resolution on an SDS/12 % PAGE gel. The reactions were programmed with capped mRNA transcribed from constructs containing abbreviated pre-pro-α factor and bovine prolactin coding sequences.
These were separated by sequences encoding either the FMDV 2A peptide from pSTA1 [9] or a non-functional mutant, in which the first of the two conserved proline residues in the 2A sequence is changed to alanine. This is referred to as 2A* [15] .
peptidyl-tRNA
Gly , and the ribosome nascent chain complex contains the cognate prolyl-tRNA Pro stably bound into the A site but unable to form the glycine-proline peptide bond [25] .
The above examples illustrate that interactions of peptides with the ribosome can alter the progression of translation in various ways and affect both the formation of peptide bonds and the activity of translation terminating release factors. Since CHYSEL sequences are generally active in eukaryotic systems, this opened up the possibility of using yeast genetics to dissect the reaction that they promote. We have used genetics alongside in vitro translation systems to analyse the reaction.
Time course in vitro translation reactions programmed with an mRNA encoding internally the FMDV CHYSEL sequence (Figure 2A) reveal that, at least at the resolution of these experiments, the downstream protein appears at the same time as the full-length ORF translation product. Thus ribosomes that undergo the CHYSEL-promoted reaction take a similar time to extend to the end of the ORF as those that do not, i.e. there is no lengthy pause in translation at the CHYSEL sequence. Moreover, ribosomes reach the end of the ORF of an mRNA including a CHYSEL at the same time as those on an mRNA containing an inactivating mutation within the CHYSEL sequence (compare Figures 2A and 2B ).
The interaction of the CHYSEL peptide with the ribosome is then very different from those discussed above where ribosomes can be paused for minutes.
Yeast strains carrying mutations to or deletions of genes whose products function in various aspects of translation were examined to assess whether the mutations affected the CHYSEL-promoted reaction. An artificial fusion protein comprising yeast pro-α factor, 2A and GFP (green fluorescent protein) was expressed in the strains from a galactose-inducible promoter (ss αF-2A-GFP) [15] and the production of translation products was monitored. Mutants tested included several in elongation factor 2, dispensable ribosomal proteins, lack of which leads to defects in translational fidelity (Rpl24p, 39p and 41p), the ribosome-associated chaperones Ssb1p, and Zuo1p, peptidyl-tRNA hydrolase, which removes tRNA from free peptidyl-tRNA that could result from the first step in the CHYSEL reaction. The CHYSEL reaction was not altered in any of these. In contrast, when we tested strains in which the activity of the translation terminating factors eRF1 and eRF3 was reduced, we found that the efficiency of the CHYSEL reaction was decreased, indicating a role, direct or indirect, for eRF1 and eRF3 in the reaction [19] . Our favourite view is that it is directly responsible for the first step in the model depicted in Figure 1 .
The CHYSEL reaction is an extremely unusual event -but does it represent a general feature of translation? If ribosomes are stalled within an ORF unable to generate the next peptide bond, could an event similar to that promoted by CHYSEL peptides rescue the polysome? The other known route for removing stalled ribosomes in eukaryotes results in degradation of the mRNA [26] . The cost of invoking a CHYSEL-type 'stop-carry on' reaction would be one broken polypeptide instead of, potentially, loss of an mRNA. Searches for potential CHYSEL peptides in protein sequence databases has so far been through use of the conserved element [D(V/I)EXNPGP] within known examples to probe databases. If other classes of peptides with similar activity but somewhat different sequence exist, they will not be identified through this route. Screens for variants of known CHYSEL peptides that retain activity as the sequence moves away from the starting one may lead to identification of new classes of these important and useful sequences.
